The vulnerability of varistor ceramics to electrical degradation during operation not only affects their nonlinear properties but also leads to shortening of device's lifetime by increasing the risk of failures including melting, fire or even explosions. In this study, ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics were prepared through modified citrate gel method and solid state-sintering at 1250 o C for 1 hour. The stability of their nonlinear properties under prolonged application of DC electrical field in high temperature ambient was investigated. Degradation process was accelerated by applying direct current (DC) electrical field of 15 % below the breakdown field point of ceramics for 54 hours consecutively at temperature of 30 to 125 o C. The findings indicate that ZnO-Pr 6 O 11 -Cr 2 O 3 ceramics exhibited its susceptibility to electrical degradation after prolonged electrical and thermal stresses application. Its nonlinear coefficient has reduced by 4.4 % reduction, the breakdown field has reduced by 9.9 % and the leakage current density increased by 13.7 % in comparison to its initial value. Degradation process in varistor ceramics of ZnO-Pr 6 O 11 -Cr 2 O 3 was a direct response to collapsed Double Schottky Barrier at ZnO grain boundary.
Introduction
ZnO varistor is a voltage dependent and nonlinear device for suppressing transient voltages. It is typically connected in parallel to load or circuit to be protected. In the event of overvoltages, ZnO based varistor material instantaneously switches from highly resistive mode to highly conductive state. Excessive current is thus diverted from the load, conducted through the varistor and grounded. The current density, J-electrical field, E response of ZnO varistor ceramics in nonlinear region can be expressed by;
J=kE α
(1)
where k is a constant and α is the nonlinear coefficient. These nonlinear properties originate from formation of a Double Schottky Barrier (DSB) in between two adjacent grains [1] [2] [3] . The electrostatic barrier develops when positively charged depletion region in ZnO bulk balances the negatively charged interface state at grain boundary. A reliable, high performance varistor must not only demonstrate outstanding nonlinear properties but also exhibit long-term robustness to harsh operating environment. International standards such as Automotive Electronic Council -Q200 for instance, enforce stringent quality assurance guideline for the use of varistor in automotive parts to guarantee the reliability of system operation and users' safety. Varistors for automobile electronics should perform their intended functions consistently with low failure rates within the operating temperature between -55 to 125 o C for more than 1000 cycles. During their entire lifespan, the varistors are subjected to a variety of disturbances like lightning strikes, switching transients, continuous or temporary overvoltages. Therefore, it is a requirement to ensure that the variation in breakdown voltage must not exceed more that 10% from the initial value after each disturbance.
Electrical degradation is a major concern in the development of new varistor materials. Degradation in this context refers to the depreciation of nonlinear characteristics upon prolonged or repetitive application of stresses and/or extreme operating conditions. Degradation effects manifest itself as a decline in the nonlinear coefficient, α and the breakdown field, E b values which accompanied with a drastic increment in leakage current density, J L with time. These signs indicate a significant disappearance of nonlinearity and shifting of properties towards Ohmic behaviour. To certain extent, a degraded varistor could experience thermal runaway resulting in overheating or potentially explosion. Some of degraded varistors become asymmetrical in polarity and exhibit increment in terms of its capacitance component [4, 5] . Degradation is an unintended process as it could cause many implications during operation such as device interruption, shortening of device's lifetime and compromising the safety of the device.
Observation made on many conventional ceramics namely Bi 2 O 3 type ZnO ceramics indicates that these materials easily degrade under high temperature [6, 7] , high humidity [8, 9] , reducing ambient [10, 11] and repetitive or prolonged electrical (i.e. DC voltage, AC voltage, multiple pulses) applications [12, 13] . Application of electrical stress in combination with exposure to high temperature is the most detrimental as it could bring damaging and permanent effects on nonlinear characteristics of varistor materials. For that reason, the stability of every potential material for varistor application against electrical degradation should be e ssentially evaluated .
Current research trend shows that Pr 6 O 11 type ZnO ceramics have been actively researched to overcome drawbacks in conventional Bi 2 O 3 type ZnO varistor materials such as Bi 2 O 3 vaporization and formation of Bi-containing secondary phases when sintered at temperatures over 1000 °C [14] [15] [16] [17] [18] . However, very little attention has been paid on investigating the stability of Pr 6 O 11 type ZnO ceramics namely those derived through wet chemical routes [19] . In this study, the stability of chemically derived varistor ceramics containing a combination of ZnO, Pr 6 O 11 and Cr 2 O 3 against electrical degradation were investigated. The aim of this work was to study the degradation effects on nonlinear characteristics of the ceramic due to application of prolonged DC electrical field in high temperature environment. The tolerance of the ceramics to electrical degradation was evaluated based on the variation in nonlinear characteristics such as α, E b and J L . In addition, the possible mechanisms contributed to degradation process is discussed. 7 ) containing 24% Cr (Alfa Aesar). Fine ZnO powder (Sigma Aldrich, 99.9 %) was used as the host material. Pr and Cr acetates were reacted with citric acid aqueous solution at 60.-,70. o C for 1.hour before ZnO powder was gradually added to form a homogeneous suspension. The cake obtained at the end of process was pulverized and dried in a convective oven at 110. o C for 19 hours. Calcination was then performed at 500. o C for 4.hours to remove organic matters. The calcined powder containing 1.75.wt% of polyvinyl alcohol binder was pressed into disc shaped pellets having 5.0 mm radius and 1.3 mm thickness under the compression force of 3.5 tonnes. Sintering process was conducted in a box furnace (CMTS HTS 1400) at 1250 o C for 1 hour to produce dense ceramic pellets.
Experimental
The microstructure of ceramics was examined under field emission scanning electron microscopy, FESEM (FEI Nova TM NanoSEM 630 Series) and the elemental analysis was conducted using energy dispersive X-ray spectroscopy (EDX). Prior to analysis, the sample was polished and thermal etched at 1100 o C for 10 min.
Based on the FESEM micrograph, the average grain size, d was estimated according to lineal intercept method [20] ;
where L is the length of a random line drawn on a micrograph of polished sample surface, M is the magnification of the micrograph and N is the number of grain boundaries intercepted by the line. 1.56 is the correction factor required for converting an average grain size from average intercept diameter [21] . The density of ceramic was expressed in term of average relative density, ρ rel . The average density ρ avg in g/cm 3 was firstly determined using an electronic densimeter (Alfa Mirage, Model MD-300S), working according to the Archimedes' principle. Using Eq. 3, the value was then used for deriving the ρ rel value. The theoretical density, ρ theoretical of ceramic was 5.70 g/cm 3 .
J-E characteristics measurement was carried out using source measure unit (Keithley 236). Voltage sweeping was performed by periodically (1000 ms) varying the applied voltage between 0 to 100 V. The nonlinear parameters were derived from the plot of current density, J versus applied electrical field, E, where J is the current per unit area of electrode (mA/cm 2 ) and E is the voltage per unit thickness (V/mm). The nonlinear coefficient, α is calculated as d(log J)/d(log E) within the J range of 1 to 10 mA/cm 2 . The E b value was defined as the corresponding E at J=1 mA/cm 2 and the J L value was determined as the corresponding J at E=0.8E b .
The grain boundary characteristics were also estimated using J-E data. The average voltage per grain boundary, V gb was obtained from the Eq. 4 [22] .
In addition, it is well accepted that thermionic emission is the predominant conduction mechanism in pre-breakdown region. For this reason, the potential barrier height, ϕ B could be estimated according to,
where k B is the Boltzmann constant (8.167 x 10 -5 eV/K), A is the Richardson's constant (30.A/cm 2 K 2 ) for ZnO, T is the absolute temperature, β is a constant and is related to the relation as β ~ (rω) −1 , where r is grains per unit length and ω is the barrier width. Similar method has been applied in [23, 24] .
The stability of Pr 6 O 11 based ZnO varistor ceramics against DC electrical field and high temperature stresses was evaluated in a DC degradation test. Experimental setup for the test is schematically shown in Fig. 1 The purpose for this procedure was to accelarate degradation process since the actual process generally develops at a very slow rate under common operating condition. The current response during the stressing period was recorded for every 5 min. Degradation rate coefficient, K T which indicates the degree of varistor ceramic stability was determined from the slope of linear fit for I with respect to stressing time, t 1/2 . The parameter is derived from the expression,
where L I is the current at stress time, t and o I is the current at t=0 [25] . The lower the K T value, the better the stability of the sample against stresses. DC power dissipation, P is the rate of heat dissipated by a device when a certain value of DC voltage is applied across it. The expression for P is,
where V is the applied DC voltage and I is the current passing through the component [26] . In this study, the changes in P value during DC degradation test was monitored and analyzed as an indicator for degradation process. The purpose was to observe the heat generated or watt loss inside the varistor ceramic during the test. Varistor ceramics that suffer from degradation exhibit a prominent increase in P value with time. J-E characteristics after the test was measured at room temperature and the percent variation in nonlinear parameters due to stress application were evaluated according to,
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Results and Discussion
Highly dense and fine-grained ZnO-Pr 6 O 11 -Cr 2 O 3 ceramics were successfully obtained through modified citrate gel and solid-state sintering methods. FESEM image in Fig. 2b indicates that varistor precursor powder contained ZnO particles which were uniformly coated with nano-sized particles of Pr and Cr oxides. After sintering at 1250 o C for 1 hour, the powder was then transformed into dense ceramics (Fig. 2c ). As confirmed in energy dispersive X-ray spectroscopy analysis (result is not shown), the ZnO has grown into fine and orderly packed grains. The average ZnO grain size, d was 7.36 µm. The grain boundaries formed at the interface of two differently orientated crystallites and contained Pr-Cr rich intergranular phase. Isolated pores on grain matrix and intergrain pores can be observed but their volume fractions are relatively low. It is suggested that pores were created during sintering due to the absence of liquid phase and evaporation of ZnO during sintering process [27] . Based on Table 2 , the ceramics have the relative density of 97.6 % and exhibited feature of good varistor ceramics. A highly durable varistor ceramic should have the sintered density of 95% of theoretical density or greater [28] . Ceramic with poor density has a decrease number of parallel conduction paths that can lead to accumulation or localization of faulty current. According to Table 2 , the prepared ZnO-Pr 6 O 11 -Cr 2 O 3 ceramics initially exhibited the nonlinear coefficient, α value of 5.39, the breakdown field, E b value of 120.74 V/mm and the leakage current density, J L value of 345 µA/cm 2 . The presence of Pr-Cr oxides in the intergranular phase has electrically activated the ZnO grain boundaries and encouraged the nonlinearity. This is because, both Pr and Cr multivalent ions encouraged enrichment of oxygen to grain boundary interface and eventually created higher density of interface states [29, 30] . As a result, more and higher DSB were formed. Fig. 3 indicates that the degradation process occurred as early as in the first stage of stress application. The current density value gradually increased with stress time and it multiplied as the ambient temperature was elevated from 30 to 60 and 125 o C. The degradation rate coefficient, K T value has also increased from 0.4 µA/min 1/2 in the first stressing stage to 1.0 .4 µA/min 1/2 in the final stressing stage. Higher K T value signifies that the studied sample becoming electrically less stable. Main Tendencies in Applied Materials Science DC power dissipation, P of a varistor indicates the rate of electrical energy conversion to heat or Watt loss during an application of DC voltage. The power dissipated by a varistor ceramic strongly relies on the temperature and the applied voltage. Fig. 4 presents the DC power dissipation with time in ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics during stress application. The increasing level of current density during the stress application eventually led to an increase in watt loss. The P value became larger with time and it kept increasing with additional stage of stress application. The range of P value during the first stress was 1.11 x 10 -2 to 1.13.x.10 -2 W and the value has increased to the range of 1.37 x 10 -2 to 1.61 x 10 -2 W during the second stress application. Finally, the P value was elevated to the range of 2.15 x 10 -2 to 2.73 x 10 -2 W during the third stress application. The increment of P value suggests the generation of excessive Joule heat which degraded the stability of tested ceramics. Fig. 5 indicates that the J-E curves for ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics after being degraded have shifted towards lower electrical fields. The current rise in degraded ceramics was more rapid and its leakage current was getting higher compared to its initial condition. This is strongly related to the weakening of grain boundary resistance. Table 2 indicates the variation in nonlinear characteristics of ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics after stress application. It was observed that DC electrical field and thermal stresses applied have caused small variation on nonlinear J-E characteristics. The signs of degradation included a decrease in the α value, the shifting of E b value to a lower field and a rise in the J L value. The ceramics demonstrated good tolerance to the applied DC electrical field and thermal stresses. The highest %∆E b value which was -9.86% was noticed after the second stress application. The value held well below the 10% limit of allowable variation in E b for commercial varistor materials. Meanwhile, the application of the second stress also caused the %∆α of -4.37% and the %∆J L of +13.73%. In addition, restoration of nonlinearity was observed after the third stress application and the phenomenon was reflected by an improvement in the α and E b values compared to its previous state. These results suggest that a simple Pr 6 O 11 type ZnO ceramic system was relatively less affected by electrical degradation. In comparison, Cheng et al., [31] reported that a Bi 2 O 3 type ZnO system comprising additional additives such as Sb 2 O 3 , MnO, Al 2 O 3 , Co 2 O 3 , NiO and Cr 2 O 3 exhibited more severe degradation when it was applied under comparable three-staged stressing conditions. This ceramic demonstrated the %∆E b value of +1.5%, %∆α of -37.5% and %∆J L of +13.73% after being stressed. Interestingly, the ceramics have been prepared through similar modified citrate gelation approach. Degradation of nonlinearity in ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics was attributed to the deformation of DSB at grain boundary which thereafter accompanied with diminution of grain boundary resistance. Fig. 6 clearly shows that the barrier height, ϕ B and average voltage per grain boundary, V gb values in degraded ceramic were lower compared to initial values. Deformation of DSB were associated to desorption of oxygen from grain boundary due to occurence of redox [13] . In addition, the desorbed oxygen not only deprived the negative charges at grain boundary interface but also netralized the positive charges in depletion region by oxidixing the mobile Zn interstitials [32, 33] . These mechanisms contributed to DSB collapse. Restoration of nonlinear characteristics after the third stress application otherwise indicated that the DSB at grain boundary has reformed and the process restored the grain boundary resistance. The mechanism was likely induced by annealing effects on ceramic due to constant exposure to Joule heating and extreme external temperature.
Conclusions
Electrical stability of ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics derived through modified citrate gel methods was evaluated. These ceramics exhibited susceptibility to prolonged DC electrical field application and high temperature environment. The signs of electrical degradation observed included a decrease in the α value, the shifting of E b value to a lower field and a rise in the J L value. The most pronounce degradation effects were observed after the second stress application and the nonlinearity was restored after the third stress application. The ZnO-Pr 6 O 11 -Cr 2 O 3 varistor ceramics exhibited %∆E b value of -9.86%, the %∆α of -4.37% and the %∆J L of +13.73% due to application of DC electrical field and high temperature stresses. Electrical degradation in these varistor ceramics was a direct response to the deformation of DSB at grain boundary whereas the restoration of their nonlinearity was attributed to the reformation of the barriers.
